A catalytic system for the generation of H 2 O 2 from formic acid and oxygen at ambient conditions has been developed. Pd-supported catalysts (Pd/C, Pd/TiO 2 and Pd/Al 2 O 3 ) have been tested, showing that for bulk purposes Pd/Al 2 O 3 is more favourable while for in-situ applications Pd/TiO 2 seems to be preferable. However, when these catalysts were tested in the in-situ H 2 O 2 generation for the oxidation of phenol by means of the Fenton process (in the presence of ferrous ion), Pd/TiO 2 did not demonstrate the expected results, whereas Pd/Al 2 O 3 showed to be an efficient catalyst. Therefore, Pd/Al 2 O 3 is offered as a good catalyst for Fenton's reactions with in-situ generated H 2 O 2 . In order to optimize the operating cost of the process, different initial concentrations of formic acid have been tested with Pd/Al 2 O 3 , and it has been seen that lowering the initial amount of formic acid favours the efficiency of the process. The effect of the addition of a second metallic (Pt, Au, Fe, Cu) active phase was studied. Concerning H 2 O 2 generation, best results were obtained with a Pd-Au catalyst for bulk production (long time) while for in-situ application Pd-Fe showed interesting results. The Pd-Fe catalyst also performed similarly to the semi-heterogeneous Fenton system involving Pd/Al 2 O 3 and ferrous ion in the degradation of phenol. Therefore, Pd-Fe catalyst offered an interesting prospect for making a full heterogeneous catalyst for Fenton reaction involving in-situ generation of H 2 O 2 S. Contreras
INTRODUCTION
During the last decade there has been a growing interest in the bulk or in-situ (within the reaction medium for oxidation reactions) generation of hydrogen peroxide from H 2 and O 2 (Clerici & , which is an environmentally friendly process. In these systems, heterogeneous Pdsupported catalysts have shown a good performance. The use of in-situ generated H 2 O 2 could improve the efficiency of the subsequent oxidation reactions, which can also be performed at a more controlled rate. It also avoids the safety problems associated with the storage and handling of large amounts of H 2 O 2 . Nevertheless, there are some drawbacks in those systems, such as the risk of explosivity of the H 2 -O 2 mixture and the low solubility of the gases in solution, especially hydrogen. Therefore, the use of other sources of H 2 in solution is of high interest. In the literature there have been some attempts such as the use of hydrazine (Choudhary et al. ) and hydroxylamine (Choudhary & Jana ) , but these compounds are classified as toxic and possibly carcinogenic or explosive, which makes it necessary to look for other options. Formic acid (FA) can also be a source of hydrogen, as has already been demonstrated in the hydrogenation of organic compounds (Hyde & Poliakoff ) , the hydrodechlorination of chlorinated organic compounds (Kopinke et al. ) or the catalytic reduction of nitrates in water (Garron & Epron ) . Recently, we have developed a catalytic system for the generation of H 2 O 2 from formic acid and oxygen (Yalfani et al. ) using a Pd/Al 2 O 3 catalyst. This system could be applied in in-situ oxidation reactions.
The addition of a second metal to Pd has been studied in order to improve the activity and the selectivity of the catalysts for the direct generation of H 2 O 2 (Abate et al. ; Choudhary et al. ) . Gold is the one that has been widely tested for this reaction (Landon et al. ; Edwards et al. ; Edwards et al. ; Pritchard et al. , and references herein) , showing a significant promotion in the rate of formation and selectivity for hydrogen peroxide compared to the single Pd catalyst. Also, with smaller extensiveness, addition of Pt to Pd in order to enhance the efficiency of direct synthesis of H 2 O 2 has been investigated (Lio et al. ; Bernardotto et al. ) .
In the Fenton reaction, H 2 O 2 is one of the main sources of operating costs; thus the possible replacement of bulk feeding by in-situ generated H 2 O 2 can be attractive. Few references have been found in the literature about the use of in-situ generated H 2 O 2 for the degradation of organic pollutants in water (Zhang et al. ; Yalfani et al. ) and most of them are based on electrochemical processes (e.g. Sirés et al. ) . In this work we have studied the effect of different supports on the catalytic generation of H 2 O 2 from formic acid and oxygen over Pd-supported catalysts. The subsequent application of the in-situ produced H 2 O 2 has been the degradation of a model organic pollutant (i.e. phenol) in aqueous medium by means of the Fenton process in the presence of ferrous ion. On the most appropriate support, the effect of the addition of a second metal to Pd was investigated. The selection of the second metal was based on the ability of the metal to make a full heterogeneous catalyst for the Fenton reaction (Fe and Cu) and also for promotion of H 2 O 2 productivity and selectivity (Au and Pt). Phenol has been chosen as model compound in order to test the feasibility of this new catalytic advanced oxidation process (AOP), as its degradation by different AOPs has been extensively studied. Efficiency of the system has been measured as percentage of removal and mineralization of the target compound. The initial concentration of formic acid has been optimized.
MATERIALS AND METHODS
Pd/Al 2 O 3 (Pd5/Al) and Pd/TiO 2 (Pd5/Ti) were synthesized by conventional impregnation. An aqueous solution of PdCl 2 acidified by hydrochloric acid was added to an aqueous slurry of γ-Al 2 O 3 or TiO 2 (prepared by sol-gel method), stirring vigorously. Pd content was always 5 wt%. Bimetallic catalysts were prepared by co-impregnation of γ-Al 2 O 3 by an acidic solution of PdCl 2 and the other metal precursor: H 2 PtCl 6 (Pd2.5Pt2.5/Al) and H 2 AuCl 4 (Pd2.5Au2.5/Al). Content of each metal was 2.5 wt% (therefore total metal content was 5 wt%). Other two bimetallic catalysts incorporating Fe and Cu were prepared by coimpregnation of γ-Al 2 O 3 with an acidic solution of PdCl 2 and Fe(NO 3 ) 3 · 9H 2 O or Cu(NO 3 ) 2 · 3H 2 O containing 5 wt %Pd and 1 wt%Fe or 1 wt%Cu (Pd5Fe1/Al and Pd5Cu1/ Al, respectively). In all the cases, the final slurry solutions were aged under stirring for 1 h, heated under vacuum at 60 W C and dried at 110 W C for 12 h. The precipitates obtained were calcined in static air at 400 W C for 3h and afterwards reduced under H 2 flow (20 ml/min) at 200 W C for 2 h. Pd 5 wt%/C (Pd5/C) was purchased from Esteve Química, S.A. X-ray diffraction (XRD) patterns were obtained using a Siemens D5000 diffractometer by a nickel-filtered Cu-Kα radiation (λ ¼ 1.54 Å). The angular 2θ diffraction range was between 5 and 80 W . The data were collected with an angular step of 0.02 W at 4 s per step and sample rotation.
Transmission electron microscopy (TEM) images were acquired using a JEOL JEM-1011 microscope operating at 80 KV. The samples were mounted on a carbon-coated copper grid by placing a few droplets of a suspension of the ground sample in acetone, followed by evaporation at ambient conditions. H 2 O 2 generation reactions were performed at ambient conditions (atmospheric pressure, T ¼ 25 ± 2 W C controlled by a water bath) in a magnetically stirred 100 ml threenecked glass reactor for 1 h. The volume of reaction was always 50 ml and the initial amount of formic acid 25 mmol. The amount of catalyst was 0.1 g and oxygen passed bubbling into the reaction medium with a flow rate 20 ml/min. H 2 O 2 concentration was monitored by iodometric titration and formic acid decomposition by highperformance liquid chromatography (HPLC, Shimadzu LC-2010), equipped with an Acclaim OA column and diode array detector (SPD-M10A) using 100 mM Na 2 SO 4 at pH 2.65 adjusted by methanesulphonic acid as mobile phase at λ ¼ 210 nm. Fenton reactions were carried out at ambient conditions (25 W C and atmospheric pressure) in a magnetically stirred 100 ml three-necked glass reactor. The volume of the reaction was always 50 ml, phenol initial concentration 100 ppm, 0.1 g of catalyst, 10 ppm of ferrous ion, and formic acid concentration in the range 40-500 mM. Initial pH of the solution was 2.2-2.5 depending on the initial formic acid concentration. Oxygen flow rate was 20 ml/min. Formic acid, phenol and intermediates were analysed by HPLC (Shimadzu LC-2010) and diode array detector (SPD-M10A). Formic acid and organic acids were analysed as explained above, and phenol and aromatic intermediates with a Varian OmniSpher C18 column and acetonitrile/H 2 O (40/60) at pH 3.80 adjusted by phosphoric acid as mobile phase, at λ ¼ 254 nm. Total organic carbon (TOC) was monitored by a Shimadzu TOC-5000A analyser. The reaction solution at the end of each run was analysed after filtration by atomic absorption spectroscopy to detect metal leaching.
RESULTS AND DISCUSSION

Effect of support on H 2 O 2 generation
Formic acid can be decomposed according to dehydration (HCOOH → CO þ H 2 O) or dehydrogenation (HCOOH → CO 2 þ H 2 ), and this process is directed predominantly towards the production of hydrogen and CO 2 when is performed over Pd based catalyst at low temperature (<400 K) and in aqueous medium (Cordi & Falconer  Pd-supported catalysts (Pd5/C, Pd5/Ti and Pd5/Al) were tested in the generation of hydrogen peroxide by means of the catalytic decomposition of FA in the presence of oxygen. Although the supports themselves were not able to convert FA appreciably, they influenced strongly the process of H 2 O 2 generation (see Table 1 ). At short time (5 min reaction) Pd5/Ti achieved the highest productivity (132 mmol H 2 O 2 /g Pd h), followed by Pd5/Al. At longer times the H 2 O 2 generation rate becomes more moderate due to the competitive reaction of H 2 O 2 decomposition over the catalyst. The best results after 1 h reaction were attained by Pd5/Al (8.4 mmol H 2 O 2 /g Pd h). No hydrogen peroxide was detected when Pd5/C was used, probably due to the high activity of this catalyst in the decomposition of H 2 O 2 as soon as it is produced.
In fact, the study of the decomposition of H 2 O 2 (100 ppm H 2 O 2 , 0.1 g catalyst, 25
W C) over the Pd-supported catalysts showed (Figure 1 ) that Pd5/Al offers more stability for H 2 O 2 : whereas almost full decomposition of H 2 O 2 happened over Pd5/Ti and Pd5/C in less than 5 min, the lifetime of H 2 O 2 molecules over Pd5/Al was enhanced up to 1 h (40% decomposition after 5 min). Differences in Pd particle size could be responsible for this behaviour (Edwards et al. ) . The average size of Pd particles measured by TEM (see Figure 2 ) was within the close range of 10 to 20 nm for Pd5/C, Pd5/Ti and Pd5/Al. It can also be observed that, on carbon, Pd particles present a more uniform distribution. Therefore, although smaller metal particles usually are more active, it can be suggested that here Pd particle size may not play the key role in the observed activity of Pd-supported catalyst. However, the role of the support in controlling the activity of Pd in decomposition of H 2 O 2 can be even more important, e.g., affecting the Pd(0)/Pd 2þ ratio. In the light of the results presented above, Pd5/Al is expected to be adequate for bulk purposes, while for insitu applications Pd5/Ti appeared to be the most appropriate option.
Effect of support and initial formic acid concentration on Fenton's reactions with in-situ H 2 O 2 generation
The same catalysts were tested in the oxidation of phenol by means of the Fenton process with an initial FA concentration of 100 mM. Pd5/C showed similar results to Pd5/ Al, but Pd5/C adsorbs a significant amount of phenol, as confirmed by tests performed with an initial phenol concentration of 2,000 ppm (Figure 3(a) ). As it is seen, after 2 h, when adsorption of phenol over the catalysts is complete, the oxidation stage is started. Similar profiles for phenol disappearance and catechol (phenol oxidation product) appearance are observed. Contrary to what was initially supposed, Pd5/Ti did not show the expected activity in the degradation of phenol, achieving only 45% phenol removal after 6 h of reaction, whereas Pd5/Al attained almost full removal of phenol (see Figure 3 (b)). Catechol (CC) was chosen as representative of the aromatic intermediates, because it is more resistant to degradation than quinones. While over Pd5/Ti a significant amount of CC remained in solution after 6 h, complete removal of CC was achieved over Pd5/Al. TOC could not be monitored in the test over Pd5/Ti due to the remaining FA, which contributed to the amount of organic carbon, whereas a 60% mineralization was obtained over Pd5/Al. In the light of these results, Pd5/Al was selected as the most efficient catalyst for the Fenton's reactions with in-situ generated H 2 O 2 for the degradation of low phenol concentrations. In order to optimize the cost of the process, the effect of using different initial concentrations of FA was studied (in the range 40-500 mM, see Figure 4 ) with a Pd5/Al catalyst. It was seen that, by decreasing the initial concentration of FA down to 100 mM, phenol was decomposed at a higher rate. While reactions performed with 500 mM FA led to a removal of 88% phenol after 6 h reaction and no complete consumption of FA was attained, when the process was initiated with 100 mM FA almost full oxidation of phenol was achieved and no FA remained in solution, which allowed us also to measure the TOC exclusively associated with the degradation of phenol (when FA is present, it contributes to the TOC value, and therefore the amount of carbon associated with the degradation of phenol cannot be measured). It is worthy of note that the possible amount of FA produced from the degradation of 100 ppm of phenol is much lower than the FA supplied to the system. Therefore, its contribution to the overall process is very minor. TOC measurement could be performed as well in experiments carried out with 60 and 40 mM initial FA concentration. Almost complete removal of CC was achieved when working with 100 mM FA after 6 h of reaction, together with a 60% mineralization. Further decreasing the initial FA concentration down to 40 mM led to a mineralization degree of 55% after 4 h (when FA finished as well). It is interesting to note that, after finishing FA, the mineralization proceeded up to 66% at 6h of reaction, probably due to the extended decomposition of intermediates over the catalyst. In the light of the results it was also seen that the amount of H 2 O 2 available by in-situ generation is more than 10 times higher than the amount available by bulk generation (without subsequent consumption of H 2 O 2 ), based on the degree of mineralization achieved.
Comparing with the conventional Fenton process (CFP), it is worthy of mention that, although this system shows a lower degradation rate, the degree of mineralization achieved is higher, as maximum percentages of TOC removal by CFP are ca. 45-50% (Zazo et al. ; Yalfani et al. ) ; concerning intermediates, this system is also more efficient in the removal of toxic intermediates, as evidenced by the lack of colour of the solution (Mijangos et al. ) . Nevertheless, the degradation rate can also be enhanced by increasing the temperature of operation (Yalfani et al. ) . Since the mineralization achievement does not increase by even higher H 2 O 2 feeding in the case of CFP, using catalytic in-situ generated H 2 O 2 instead of CFP might be taken into consideration. However, a full economic balance requires involving other items such as catalyst, materials, time of treatment, etc. which is out of the scope of the current work. For example, further studies to find a catalyst with a lower noble metal content and higher activity is a subject of future work.
Although FA can also react with hydroxyl radicals and could interfere with the oxidation of phenol, reaction rate constants are different by one order of magnitude. Rate constants with OH radicals are 6.6 × 10 9 M À1 s À1 (Kang et al.  and references herein) and 1.4 × 10 8 M À1 s À1 (Rossetti et al.  and references herein) for phenol and formic acid, respectively. Therefore, when not very high concentrations of formic acid are used, phenol oxidation by OH · proceeds faster than formic acid oxidation.
Effect of the addition of a second metallic active phase.
Heterogenization of the catalytic system
As it has been shown in the literature that the addition of Au to a Pd-supported catalyst improves the rate and selectivity of hydrogen peroxide generation, two bimetallic catalysts (Pd-Au and Pd-Pt) supported on alumina, with a total metal content of 5 wt%, were prepared and tested in the process of generation of hydrogen peroxide from formic acid and oxygen. Besides them, two other catalysts incorporating the active phase for H 2 O 2 decomposition into hydroxyl radicals (Pd-Fe and Pd-Cu) were also prepared for a full heterogenization of the Fenton catalytic system. They were prepared to be tested in the Fenton reaction, but they were previously tested in the generation of H 2 O 2 (i.e. without phenol) in order to see the effect of Fe and Cu in this process. For these two catalysts, the amount of Pd was 5 wt% and the amount of Fe or Cu 1 wt%. Table 2 summarizes results achieved at short and long time related to the amount of FA converted, the amount of H 2 O 2 generated and the selectivity (%) towards H 2 O 2 .
As can be seen, the incorporation of Cu, Fe and Au did not significantly affect the conversion of FA while, in the presence of Pt, FA decomposition is increased remarkably. However, this increase was not translated into a higher amount of H 2 O 2 produced (see Figure 5 ). It seems that Pt enhances the activity of the catalyst in both FA and H 2 O 2 decomposition. Therefore Pt is not a good active metal for this reaction, at least in such a proportion with Pd. Lio et al. () have shown that the addition of small amounts of Pt (2.5 atom%) to Pd increases only the formation rate of H 2 O 2 . It has been also found that a small amount of Pt added to Pd on sulphated zirconia is able to increase the selectivity for H 2 O 2 (Bernardotto et al. ) . In both the above cases, it has been mentioned that further increasing of Pt content has a reverse effect on the reaction. At longer times, Au shows an interesting ability to enhance the production of H 2 O 2 , as was stated in the literature (Landon et al. ; Edwards et al. ) , whereas at short time Fe is the one which demonstrated the highest capacity for H 2 O 2 production, something that is required for in-situ applications.
These bimetallic catalysts were also tested in the oxidation of phenol by the Fenton process with in-situ generated hydrogen peroxide. In these tests, initial FA concentration was 100 mM. In the case of Pd2.5Au2.5/Al and Pd2.5Pt2.5/Al, 10 mg/L of ferrous ion was added to the initial reaction solution. None of the bimetallic catalysts could improve the degradation rate obtained by the Pd5/ Al catalyst ( Figure 6 ). Pd-Pt and Pd-Au showed similar phenol oxidation rates during the first hour of reaction. Later disappearance of phenol is almost suppressed over Pd-Pt, due to termination of FA after 1 h. Pd and Cu did not show a complementary effect, resulting in the poorest achievement in the degradation of phenol. Further study of the structure of the catalyst is needed to explain this behaviour. In order to monitor the amount of TOC, some experiments with a lower amount of FA (40 mM) were carried out. In these tests it was observed that, although the oxidation rate is slightly lower, the Pd5-Fe1/Al achieved similar mineralization rates to the system with the monometallic catalyst and ferrous ion. Using this catalyst, 72% phenol removal and 51% mineralization were attained after 4 h (when FA was finished), which proceeded up to 68% after 6 h reaction. This bimetallic catalyst clearly showed a synergistic effect of Pd and Fe in the production of hydrogen peroxide followed by its decomposition to hydroxyl radicals on the surface of the catalyst. Therefore, complete heterogenization of the catalytic system is accomplished, achieving a good performance in the mineralization of the organic pollutant. Concerning the Pd-Au system, it presented similar degradation rates to Pd5Fe1/Al; however, the mineralization degrees were lower, as after 8 h of reaction only a 47% TOC removal was obtained.
In the Pd5Fe1/Al catalyst, leaching of Pd and Fe was measured by atomic absorption at the end of the reaction. No Pd was detected in solution. Concerning iron, concentration of iron in solution was 0.86 mg/l. In the light of this low concentration and based on a test performed with catalyst Pd5/Al in the presence of 1 mg/l of ferrous ion (results not shown), contribution of possible homogeneous reaction to the total mineralization degree is very minor.
CONCLUSIONS
Among the Pd-supported catalysts tested, Pd5/Al has shown to be an efficient catalyst in the in-situ generation of H 2 O 2 by formic acid and oxygen and its subsequent application in the oxidation of phenol by Fenton process. Lowering initial concentration of FA down to 100 mM favours the efficiency of the system. Addition of a second metal demonstrated different effects. In the presence of Pt, FA decomposition was enhanced, but also the decomposition of the produced H 2 O 2 was increased. Pd-Au catalyst showed an interesting improvement in productivity and selectivity for bulk production of H 2 O 2 , as was expected when reviewing the recent reports in the literature, but was not appropriate for the Fenton process, as the mineralization degrees obtained were lower. On the contrary, Pd-Fe catalyst offered an interesting prospect for making a full heterogeneous catalyst for Fenton reaction involving in-situ generation of H 2 O 2 .
